The last decade has seen an explosion of interest in new classes of non-coding RNA. While some are now firmly established as new categories of legitimate functional RNAs, the purpose and even existence of others remain to be solidified. Here, we discuss the challenges associated with discovery and characterization of non-traditional categories of non-coding RNA.
One of the first steps in the exploration of a genome and its functions is to catalogue its parts, and a conceptually simple way of enumerating genetic parts is to identify and annotate transcripts. The utility of transcript collections is indisputable: such resources are required for many if not most types of genomic and even genetic studies, both computational and experimental. Moreover, efforts to create comprehensive transcript maps of the human and mouse genomes have resulted in profound discoveries. One of these is that the number of traditional protein-coding genes is considerably smaller than anticipated. Another is that the number and proportion of transcripts that do not appear to encode proteins is substantially higher than expected.
In this review, we take a pragmatic look at the new transcriptome. We assess the current evidence in support of the magnitude and character of nongenic transcription, and we examine what has been learned from functional studies. Our viewpoint may appear contrarian, relative to a myriad of recent reviews on the topic [1] [2] [3] [4] [5] [6] [7] , but our goal is to be realistic about the interpretation and significance of the collective observations to date.
EVIDENCE FOR A'DARK MATTER' TRANSCRIPTOME
Several terms have been used to describe the apparent novel non-coding RNAs. The term 'dark matter' [8] is particularly appropriate, because it describes mass that is unaccounted for. Early analyses of the complexity of human mRNA populations [9, 10] concluded that 'there are at least five times more unique DNA sequences represented in nuclear polyadenylated RNA than in polysomal polyadenylated RNA' [10] . Part of this difference can be accounted for by intronic sequences which are spliced out during mRNA processing; however, a host of studies in recent years have indicated that a significant proportion of transcription does not match currently annotated coding transcripts. These observations were first made in large full-length cDNA sequencing efforts in mouse [11, 12] , where as much as 33-35% of transcript units did not meet established standards for coding potential. Similar findings have come from tiling array studies in a variety of organisms that reported at least twice as much transcript detected as can be accounted for by known exons (Table 1) . A major proportion of this detected transcript mass ($23-40%) maps to intergenic regions ( Table 1 ), meaning that it cannot simply be explained as intronic signals from unprocessed mRNAs. Both cDNA sequencing and tiling array studies have also revealed an unanticipated degree of complexity of the transcriptome, with interleaved transcription units, sense/antisense transcript pairs and ncRNAs that overlap exons of protein-coding genes [11, [13] [14] [15] [16] .
Efforts to confirm the existence of large nongenic transcript populations have yielded mixed results. On one hand, after a stringent filtering of mouse cDNA sequences to remove potential fragments that could be part of UTRs predicted or known transcripts, thousands of strong ncRNA candidates remained, many of which showed tissue-specific expression patterns [11, 12, 17, 18] . In addition, over a thousand conserved long ncRNAs have been identified in intergenic regions bearing chromatin marks associated with active transcription in mice [19] . On the other hand, other studies have cast doubt on the evidence for a large dark matter transcriptome, particularly one based on tiling array data. A comparison of three tiling array studies profiling transcription on chr22 in different human cell lines [20] [21] [22] revealed that only 2-16% of positive probes in each study was confirmed by the two others [5] . Moreover, 89% of positive probes that were confirmed in the three experiments mapped within known transcripts. Other tiling array studies have consistently reported a lower degree of conserved expression between tissues and cell lines for dark matter transcription compared to protein-coding transcripts [14, 20, 23, 24] . Although this result has generally been interpreted as evidence for tissue-specific regulation of dark matter transcription, it could also mean that a significant proportion of transcribed regions reported in tiling arrays are false-positives. Alternatively, these results could reflect a difference in sampling from a low-level background transcription. Indeed, a re-evaluation of the Kampa et al. tiling study [25] showed that the analysis parameters used in the original paper result in similar numbers of transcribed fragments identified in actual and randomized data [26] . Further indication that the total mass of dark matter transcription as estimated by tiling arrays and cDNA sequencing may be overestimated comes from recent transcriptome sequencing (RNASeq) efforts, which do not suffer from many of the limitations of array platforms, such as high background and cross-hybridization [27] . RNA-Seq has a wide dynamic range, spanning four to five orders of magnitude [28, 29] , and can accurately quantitate expression levels as evidenced by experiments using externally spiked-in RNA controls and quantitative PCR [28] . A consistent finding from human, mouse and plant RNA-Seq studies is that although 30-40% of all loci with mapped reads are in areas outside known transcripts [28, 30, 31] , these represent only a small fraction of the total sequenced mass of polyadenylated (polyA+) RNAs (Table 1) . Between 75 and 96% of uniquely mapped reads come from known or predicted exons, while 4-10% map to intergenic regions. On average, the number of reads mapping to introns in mouse stem cells was 50-60-fold lower than exons [28] , and non-exonic expression in gene regions was pervasive and low. Mortazavi et al. determined that the average read density per kilobase of sequence per million mapped reads (RPKM) for all regions outside exons or read clusters associated with new or existing transcripts was 0.03, considerably lower than the estimated detection threshold of 1-3 RPKM for one transcript per cell [30] , and bore characteristics of a general background. The same study also showed no correlation between the bottom quartile of positive tiling array calls and RNA-Seq data for the same sample (R 2 0.03), further evidence that tiling arrays may yield a high proportion of false positives [30] . A similar lack of correlation between low-intensity microarray measurements and RNASeq data has been observed in yeast [27] .
Low coverage of dark matter transcription is also apparent in the aforementioned mouse cDNA sequencing efforts, which used normalized and subtracted cDNA libraries to facilitate discovery of low-abundance transcripts. Many of the novel ncRNAs found were detected as singletons, and thus may be expressed at very low levels. The low expression levels are further underscored by the relatively small proportion of ncRNAs (11%) with EST or CAGE-tag supported transcript boundaries, compared to protein-coding sequences (55%) [11] . A much smaller fraction of non-coding transcripts (6.5%) was found in human cDNA sequencing efforts [32] that did not use an enrichment step for rare transcripts. Although the proportion of ncRNAs may be underestimated in the polyA+ selected RNA populations used in most RNA-Seq studies, this does not explain the low overlap with tiling array based studies as these have also generally used polyA+ pools (Table 1) . Moreover, RNA-Seq experiments in Arabidopsis that were done with rRNA-depleted rather than polyA+ selected samples yielded similar small proportions (3.5%) of intergenic reads [33] . An increased sequencing depth in future RNA-Seq studies may yet uncover novel ncRNAs expressed at very low levels; however, this will do little to change the overall ratio of sequence reads mapping to protein-coding genes versus ncRNAs.
Taken together, these results indicate that-in contrast to its galactic counterpart-the volume of transcriptional dark matter is relatively small compared to the amount of protein-coding transcripts. An obvious question is how this can be reconciled with estimates by the ENCODE consortium that as much as 93% of the human genome can be expressed as part of a primary transcript [14] . The ENCODE estimates were based in part on observations from GENCODE (manually curated) annotations, paired-end sequencing (PET-Seq) and rapid amplification of cDNA ends combined with detection on tiling arrays (RACE-Tiling). The bulk of the evidence, however, comes from RACE-Tiling experiments that alone find 80% coverage, compared to 64.6 and 66.4% for GENCODE annotations and PET-Seq, respectively [14] . The RACE-tiling estimate of the total transcribed area was based on the assumption that all intervening bases between RACE-Tiling tags are transcribed, which means that even a low percentage of false positives can have a large influence on the final estimate. Indeed, the fraction of the genome that is transcribed drops to 74% when considering only regions that are supported by more than one technique [14] . This lower estimate is consistent with an earlier PET analysis in mouse ES cells that showed that 92.5% of 34 815 single-locus PETS (i.e. uniquely mapped in the genome) matched known transcripts annotated in the UCSC database [34] . Extrapolation from further experimental characterization of a random sample of 99 out of 16 753 PETs that could not initially be mapped increased this estimate to 98%. Only 14 putative intergenically spliced transcripts were found in this study, indicating that transcription between genes occurs infrequently.
Post-transcriptional RNA processing steps that result in fusion of independent transcripts, such as transsplicing [34, 35] , though believed to be rare in mammalian cells, may offer an alternative explanation for apparent widespread transcription in some of these cases.
THE NATURE OF DARK MATTER TRANSCRIPTS
Despite the ongoing uncertainty about the exact magnitude of transcriptional dark matter, several novel classes of ncRNAs have now been described that are beginning to shed light on its composition. Some, such as endogenous small silencing RNAs (miRNAs, piRNAs), have a defined function and share a common mechanism of action [36] . In contrast, longer ncRNAs are more loosely organized according to their stability, e.g. cryptic unstable transcripts (CUTs), or by their relationship to protein-coding genes, e.g. promoter associated RNAs, antisense and intergenic transcripts. For each of these latter groups there are a handful of examples with established roles in various processes such as pairing in X chromosome inactivation, genomic imprinting, chromatin modification and transcriptional regulation [1] , but the functional significance-if any-of the majority is unclear. A brief overview of ncRNA classes will be given in the following paragraphs.
Endogenous small silencing RNAs are short RNAs (20-30 nucleotides) that have been found in many species, acting as guides for a family of Argonaute proteins to regulate target gene expression [36] . Several classes are distinguished based on their mechanism of synthesis and the pathways in which they operate. Micro RNAs (miRNAs) are processed from imperfect hairpin structures in larger precursor transcripts expressed at distinct genomic loci. Perhaps not surprising, given that they target protein-coding genes by sequence complementarity, miRNAs are generally highly conserved between species [37, 38] . Approximately 60% of human miRNAs have counterparts in mouse, while others are primate-specific [37, 39] . Recent estimates put the number of human miRNAs at around 800 [37] , close to the 706 entries currently in the miRNA database miRBase (r13.0) [39] . Piwi-associated RNAs (piRNAs) constitute a second class of small RNAs that play a key role in germ line maintenance in worms, flies, fish and mammals by guiding piwi-class Argonaute proteins to silence transposon activity [36, 40] . In contrast to miRNAs, the number of distinct piRNAs ranges in the millions, but their expression is mainly confined to several hundred 50-100 kb clusters in the genome [41] [42] [43] [44] . While piRNAs lack primary sequence conservation, large loci occur in syntenic regions of the human, rat and mouse genomes, and to a lesser extent in other species [43] .
The family of small silencing RNAs has recently been extended with a third group of DNA-damageinduced qiRNAs, discovered in the filamentous fungus Neurospora crassa [45] . The name qiRNAs stems from their association with the Argonaute protein QDE-2, which plays a key role in mediating their effects. Compared to the typcial N. crassa siRNAs, qiRNAs are several nucleotides shorter and derived from long aberrant RNAs (aRNAs) produced upon DNA damage. Surprisingly, the synthesis of these precursor aRNAs is not dependent on RNA polymerase I, II or III, but on QDE-1, an RNA polymerase that can use both RNA and single-stranded DNA as a template. This dual role means that QDE-1 is likely involved in the production of both the single-and double-stranded aRNAs. Most qiRNAs originate from the ribosomal DNA locus, suggesting that their main role in the DNA damage response is to inhibit protein synthesis. The importance of small silencing RNAs in the DNA damage response has also been demonstrated in higher eukaryotes, where survival after UV-induced DNA damage was severely impacted after knockdown of essential components of the miRNA processing pathways [46] . Although these effects can in part be explained by miRNA-mediated regulation of key checkpoint genes [46] [47] [48] , it does not exclude the possibility that qiRNAs also exist in higher eukaryotes. Taken together, the relatively small number of miRNA, piRNA and qiRNA loci in the genome indicate that they can account for only a small fraction of non-coding transcription, despite their important role in transcription regulation.
A new class of short ncRNAs that cluster close to the transcription start sites (TSS) of protein-coding genes has recently been described. These ncRNAs were first identified in genome-wide tiling array studies of small RNA populations (5200 nt) in human and mouse [49] and subsequent studies have confirmed their existence in human [50] [51] [52] [53] , mouse [54] , plants [55] , yeast [56, 57] , drosophila [53] and chicken [53] . A variety of terms has been used to describe these heterogeneous transcripts (Table 2) , which we will collectively refer to as pasRNAs, in keeping with the naming conventions of other non-coding RNAs. The hallmarks of pasRNAs are that they predominantly initiate at multiple sites within the nucleosome free regions (NFRs) that mark most eukaryotic promoters, with transcription occurring bidirectionally relative to the protein-coding transcript [50, 54, 56, 57] . The widespread occurrence of pasRNAs suggests that they may explain much of the relatively broad distribution of initiation sites observed at many gene promoters in cap analysis of gene expression (CAGE) experiments [58, 59] and an enrichment of polymerase II at the 5 0 end of genes relative to the gene body [60] [61] [62] [63] . Although similar amounts of polymerase appear to be associated with both directions of transcription [50, 51, 54] , the abundance of pasRNAs is generally low compared to the full-length mRNA. This may be due in part to the unstable nature of pasRNAs, exemplified by the fact that their number and size are greatly increased in exosome and TRAMP mutants that are characterized by severe defects in RNA degradation [55] [56] [57] 64] . Indeed, pasRNAs have now been identified as the major source of CUTs in yeast [56, 57, 64] . Given their ubiquitous occurrence at most protein-coding genes, pasRNAs may make up a large proportion of dark matter transcription.
The close association of pasRNAs with promoters of protein-coding genes, combined with their instability, suggests that they may largely be by-products of normal transcription initiation events. This is supported by observations that pasRNA abundance in human and mouse is positively correlated with expression levels of protein-coding genes [49, 51, 53, 54] , and that divergent ncRNAs found at yeast promoters are co-regulated with their associated genes [56, 57] . Moreover, bacteriophage DNA placed next to a strong mammalian promoter can also give rise to short divergent transcripts, indicating that the actual pasRNA sequence transcribed does not play a major role [51] . In the same system, removal of the promoter resulted in concomitant loss of the upstream transcript. One explanation for the variability in pasRNAs initiation sites around the TSS may be that they arise as cryptic transcripts due to imprecise positioning of polymerase II at promoters lacking certain strong basal promoter elements. In a global mapping of capped mRNAs, promoters characterized by a sharp distribution of initiation sites showed a markedly different promoter context (overrepresentation of TATA boxes) compared to a large set of promoters with a broad distribution (associated with CpG islands) [59] . Analysis of stalled polymerases shows that polymerases also initiate and accumulate in both directions on CpG promoters in humans [50] . Alternatively, pasRNAs may be associated with promoter regions because these are generally depleted of nucleosomes [65] [66] [67] [68] . Nucleosomes are known to play an important role in repressing cryptic transcription by wrapping DNA and thereby obscuring potential transcription start sites [69] . The importance of this mechanism is highlighted in yeast Spt6 mutants that are defective in nucleosome reassembly in the wake of extending polymerase, resulting in cryptic transcripts originating from within gene regions [70] . Spurious initiation at cryptic promoters occurring randomly in the genome has been proposed to explain much of the apparent pervasive transcription in the genome [71, 72] . To illustrate, enhancers with multiple Gal4 or LexA sites can drive spurious transcription from random sites in the genome [73] . These sites function in the absence of a sequence context that generally characterizes NFRs (data not shown), indicating that randomly occurring transcription factor-binding sites can, in at least some circumstances, autonomously initiate spurious transcription. Two main groups of pasRNAs can be distinguished on the basis of their size, with one group made up of fragments 530 nt (tiRNAs and TSSaRNAs) and another of fragments ranging to several hundreds of nucleotides (PROMPT, UNT, CUT) ( Table 2 ). This difference may partly be due to selection bias in the methods used in their discovery, since the smaller forms have been identified by direct analysis of short RNA fractions, whereas larger transcripts are predominantly found in mutants defective in exosome-dependent RNA degradation. However, the size and well-defined genomic locations of short pasRNAs provides several clues that they constitute a separate subpopulation from either long pasRNAs or small silencing RNAs. First, short pasRNAs are different from small silencing RNAs since pasRNAs also show up in ES cells lacking Dicer [54] , which is essential for the production of miRNAs. Second, the size range of tiRNAs and TSSa-RNAs is similar to the 12-24 bp of nascent RNA that are protected from digestion with low concentrations of ribonuclease in transcription complexes [74] . Third, the location of small pasRNAs correlates well with positions where RNA polymerase II pausing occurs shortly after initiation [50, 54] , believed to be an important rate limiting step in gene transcription [75] [76] [77] . Taken together, these findings suggest that tiRNAs and TSSa-RNAs correspond to small RNA molecules protected by polymerase II paused shortly after initiation. In contrast, the appearance of longer pasRNA populations in exosome mutants indicates that they are produced by actively elongating polymerases. Their efficient degradation by the exosome under normal conditions argues against a functional role for the RNA molecules. It may well be that rather than avoiding cryptic transcripts altogether (e.g. by increasing fidelity of transcription initiation), cells have opted to use the RNA degradation machinery to dispose of them.
A question that remains, however, is how cells distinguish between functional and non-functional transcripts, as substrate recognition by TRAMP and other complexes involved in targeting RNA degradation is not well understood. This question is now more relevant than ever, given that most promoters can apparently drive transcription in both directions with comparable efficiency.
Non-coding transcripts arising from bidirectional promoters in part explain observations that a significant proportion of dark matter transcripts are antisense to protein-coding transcripts. Estimates of the number of genes with natural antisense transcripts (NATs) vary considerably between 2 and 70% [78] [79] [80] [81] [82] [83] [84] . This variability is in part due to the fact that accurate measurements may be confounded by artefacts in cDNA synthesis and false positives on tiling microarrays. For example, addition of Actinomycin D, which prevents spurious second strand synthesis in cDNA reactions, reduced earlier estimates of the number of NATs in yeast by half [85] . A recent study by He et al. [86] avoided such artefacts by using a technique (ASSAGE) that converts RNA cytidine residues to uridine prior to cDNA synthesis and massive parallel sequencing, so that the resulting sequence tags can be unequivocally mapped to the correct strand. In this study, antisense transcription was found at approximately 16% of genes in human peripheral blood mononuclear cells, with peaks of antisense transcripts around the TSS and terminator regions. The promoter peaks overlap regions where pasRNAs are found, indicating that they are likely derived from antisense transcription from bidirectional promoters. The increased antisense transcription at 3 0 ends matches a population of terminator associated small RNAs (TASR) described previously [49] and is further supported by CAGE and gene identification signature (GIS) ditag analysis [11, 59, 78] . The presence of NFRs at the terminators of many genes [66, 87] suggests that both promoter-and terminatorassociated antisense transcripts may be generated by similar mechanisms.
A distinct classification has been proposed for long non-coding RNAs localized to intergenic regions, referred to either as macroRNAs [88, 89] or large intervening ncRNAs (lincRNAs) [19] . It is debatable whether these lincRNAs really constitute a uniform class, since the 410 lincRNAs characterized in detail to date act in different pathways; however, their larger size (averaging around 4 kb) and separation from protein-coding genes sets them apart from other ncRNAs for practical purposes. Moreover, despite of the heterogeneity in long ncRNAs, several common themes have emerged in their function. They can locally affect gene expression or chromatin structure by directing RNA-binding proteins to DNA, such as chromatin remodelling complexes or transcriptional regulators. An example of a ncRNA in the former category is HOTAIR, which is expressed from the HOXC cluster and interacts with Polycomb complexes to inhibit gene expression from the HOXD cluster in trans [90] . The latter category includes ncRNAs expressed in the human CCND1 promoter region and the mouse Evf2 ncRNA. Evf2 is transcribed from an ultraconserved enhancer region and complexes with the Dlx2 transcription factor to bind the same enhancer region and activate the expression of the Dlx5/6 genes [92] . The ncRNAs in the CCND1 promoter region are transcribed in response to DNA damage, where they remain tethered to the DNA and recruit TLS to repress CCND1 transcription [91] . The recruiting potential of ncRNAs suggest that a significant number RNA-binding proteins that have not yet been classified could play an important role in transcription regulation [91] . Long ncRNAs can also exert their effects away from their site of production, as in the case of the NRON ncRNA that is involved in the regulation of nuclear import by acting as a repressor of NFAT [93] . Similarly, the HSR1 ncRNA in mammalian cells complexes with the transcription factor HSF1 to induce expression of heat-shock proteins [94] . Finally, as discussed previously, long ncRNAs can act as precursors to small RNAs such as miRNAs, qiRNAs and piRNAs that can exert a variety of functions.
In contrast to earlier studies that have relied on the screening of cDNA libraries to identify long ncRNAs [88, 89] , lincRNAs were identified by examining the genome outside known genes for chromatin marks associated with active transcription that captured both transcription initiation (histone H3 lysine 4 trimethylation) and elongation events (histone H3 lysine 36 trimethylation) [19] . Depending on the thresholds used, between 1250 and 1675 of these regions were identified, containing an estimated 1600 lincRNAs. Many of the lincRNAs showed additional suggestions of functionality as determined by a combination of measures including sequence conservation ($150 mouse/human orthologs), co-expression with protein-coding genes across a range of tissues, visible expression on northern blots ($20) , expression in response to DNA damage (53), Oct4 and Nanog transcription factor binding (118) and perturbed phenotypes after shRNA knockdown (1) [19] . Current estimates of the number of lincRNAs stand at well over a thousand; however, this number may yet change as some could turn out to be connected to protein-coding genes [95] . Others may also be merged together, given that even in cDNA sequencing long ncRNAs are often detected as fragments [89] . Like miRNAs, lincRNAs can account for only a small proportion of the tens of thousands of novel ncRNAs that have been identified. Due to their size they could, however, make up a significant proportion of the mass of dark matter transcripts; this possibility will presumably be addressed in future RNA-Seq studies.
ESTABLISHING FUNCTIONALITY OF NOVEL ncRNAs
Historically, sequence conservation has been used as evidence for functionality of protein-coding transcripts. Many well-known functional ncRNAs are also well conserved and show evidence of purifying selection [96] . Small ncRNAs such as miRNAs and snoRNAs share $80-90% sequence identity between human and mouse [97] . This figure is somewhat reduced for long-known ncRNAs that have an overall identity 570% (i.e. near the genomic background substitution rate); however, they generally contain smaller domains that are highly conserved and presumably important for their function [97] . The majority of lincRNAs that show chromatin signatures related to active transcription are also highly conserved [19] . When applying the same criteria for sequence conservation to the tens of thousands of novel ncRNAs, however, one might conclude that the large majority are non-functional. Most transcripts identified in cDNA screens appear to be under neutral selection [96] . Moreover, only 2.6% of non-coding mouse cDNAs can be mapped to human ESTs [12, 17] . For tiling array studies, the majority of expressed sequences in humans are not conserved in mouse [22, 25, 98] . In some ncRNA populations such as antisense transcripts it is difficult to assess sequence conservation, as they often overlap exons. Based on comparisons between human and mouse, sense/ antisense pairs tend to be poorly conserved, with estimates ranging from a few hundred to somewhat more than a thousand [79, 99, 100] .
One possible explanation for the lack of primary sequence similarity is that the majority of ncRNAs assume structural folds that can be conserved despite primary sequence divergence. Algorithms incorporating these characteristics have been used for the identification of known structural ncRNA classes such as tRNAs and snoRNAs [101] [102] [103] . These methods are typically based on detecting signatures of mutational interdependence between regions involved in internal basepairing using covariance models (CMs) [104] . Despite the increased sequence flexibility, structured RNAs are unlikely to fully explain the lack of ncRNA conservation, as the intramolecular basepairing imposes limits on mutational frequency that also lead to increased primary sequence similarity. Alignment by RNA structure using FOLDALIGN [105] identified many regions unalignable in primary sequence [106] . High-scoring structural alignments were more likely to be found in transcribed fragments (trans-frags) identified in a tiling array-based study [23] . In contrast, QRNA [107] analysis of the same dataset indicated that trans-frags were not enriched for conserved sequence with conserved secondary structure [108] . A similar QRNA analysis of human cDNAs [32] revealed conserved structures for only 16% of strong novel cDNA candidates. The conflicting results of these analyses may in part be due to the algorithms used to identify conserved structures. A comparison between three independent algorithms for discovering structured RNAs revealed very low overlap in predicted RNA structures-13% were predicted by two or more models and only 1% were detected by all three [109] . These differences can likely be attributed to biases towards specific dinucleotide composition [108, 109] , suggesting that these analyses, like tiling arrays, may also contain many false positives and negatives.
The low expression levels, instability and lack of conservation for the majority of ncRNAs has prompted suggestions that most are the result of random background initiation of RNA polymerase [71, 72, 108] . Transcription of ncRNAs may still be functional, however, through mechanisms that do not require stable conserved transcripts. In yeast, the SER3 gene is conditionally repressed by interference from the non-coding SRG1 transcript which is initiated upstream from an alternative promoter [110, 111] . This cis-regulation occurs regardless of the upstream sequence that is being transcribed [110] . In a similar example, a human ncRNA expressed from an upstream minor promoter forms a triplex structure in the major promoter of dihydrofolate reductase (DHFR) that interferes with TFIID binding [112] . Another transcriptional regulatory mechanism involving ncRNAs has been described in S. cerevisiae for inosine monophosphate dehydrogenase, which catalyzes a key step in GTP biosynthesis. In this case the coding transcript and ncRNA originate from the same location of preinitiation complex (PIC) formation, but the polymerase II enzyme switches between alternative transcription start sites depending on the nucleotide concentration, resulting in either a functional coding transcript or a non-functional ncRNA [113, 114] . In all these cases the ncRNA sequence is believed to be irrelevant and the transcripts are rapidly degraded.
Transcription of ncRNAs can also affect local chromatin structure as illustrated by the progressive opening of chromatin in the fbp1+ promoter by multiple rounds of ncRNA transcription in S. pombe [115] . The widespread bidirectional transcription observed at most promoters could function in a similar manner to maintain chromatin marks and displace nucleosomes in upstream regions to expose additional regulatory sequences to modulate transcription in a manner described by Lam et al. [116] . Negative supercoiling generated downstream of the polymerase extending in the antisense direction could also facilitate initiation of the sense transcript [50, 56] . This would add to other mechanisms by which antisense ncRNAs can affect sense transcription such as transcriptional silencing [117] , intron retention [118] , imprinting control [119] , post-transcriptional downregulation [120] and transcriptional interference [121] . Taken together, these examples show that in many cases the act of ncRNA transcription may be more important than the actual sequence that is transcribed, and localized effects on chromatin structure and gene expression may well be a common theme for many functional ncRNAs. It remains to be seen, however, at which scale these mechanisms operate in the genome.
The view that most ncRNAs are simply the result of cryptic transcription may also seem at odds with a growing number of large-scale studies indicating that they share functional characteristics with protein-coding genes: they can be spliced [11, 12, 88] , are associated with transcription factorbinding sites [122] , show evidence of tissue and developmental-stage specific regulation [18, 19, 123] , are found in regions with chromatin structures associated with transcription [19] and show distinct subcellular localization patterns [123] . These characteristics, however, do not constitute proof of function, and would also be expected if the transcripts are non-functional. Cryptic initiation throughout the genome would presumably be driven by sequences that resemble bona fide promoters, which would therefore be subject to the same regulatory mechanisms that drive expression from the latter. Changes in chromatin structure that affect DNA accessibility in and around actively transcribed protein-coding genes may also result in cryptic transcription in what would appear to be a specific pattern. A similar case can be made for the observation that transcription factor-binding sites are conserved in ncRNA promoter regions [122] , as cryptic transcripts such as pasRNAs typically originate from nucleosomefree regions associated with promoters and enhancers of protein-coding genes. This means that a correlation with transcription factor-binding sites is expected, even if these sites and RNAs appear at random and have no function. Indeed, the observed correlation is also entirely consistent with a model where pasRNAs simply arise as by-products of normal transcription initiation events. Splicing, by itself, can also not be taken as direct evidence for functionality, as it is controlled by short canonical sequences that can occur in the genome by chance at relatively high frequency. It should also be noted that the proportion of spliced ncRNAs (28%) identified by full-length cDNA sequencing is considerably smaller than the proportion of spliced protein-coding transcripts (82%) [12, 18] . Finally, heterologous proteins with no functions in the organism in which they are expressed are frequently produced and sorted by cells; a similar phenomenon may occur for ncRNAs and explain apparently specific localization patterns.
The ongoing debate about the role of ncRNAs indicates a clear requirement for establishing functionality by applying the same spectrum of techniques and standards that are applied to protein-coding genes. These include deletion, overexpression and heterologous expression, mutagenesis, and RNA interference (RNAi), the results of which can 'define' gene function, as well as RNAimmunoprecipitation (RIP), since strong physical interactions are among the strongest indicators of function. Mutagenesis may be less informative for the study of ncRNA function as they are likely refractory to nonsense and frameshift mutations. Most other techniques are directly relevant for ncRNAs, though their applicability will depend on the class of ncRNAs. Systematic deletions can be used to study long intergenic ncRNAs, but are less suitable for antisense transcripts and pasRNAs as they would also affect the proteincoding gene they are associated with. Instead, the latter ncRNA groups may be targeted by RNAi, as recent studies have shown that this technique can efficiently target nuclear RNAs [124, 125, 90] despite the fact that RNAi is thought to occur predominantly in the cytoplasm. Overexpression or heterologous expression can be used to establish which trans-effects are mediated by ncRNAs and may be invaluable to determine to what degree functional effects of ncRNAs are restricted to their site of production. Complementary approaches such as RIP have the potential to identify protein partners that may mediate ncRNA effects [90, 126, 127] . The discovery of new classes of proteins associated with ncRNAs would greatly accelerate further characterization of functional ncRNAs, much like Argonaute proteins have done for short silencing RNAs.
The number of ncRNAs in mammals that have been characterized using the techniques outlined above are limited to about 50 well-known examples [1, 3] and few large-scale functional studies have thus far been undertaken. An RNAi-based approach to knockdown a set of 512 conserved ncRNAs identified in the FANTOM2 dataset identified a single ncRNA that was involved in NFAT repression [93] . In another study, deletions of mouse gene deserts containing 1243 non-coding sequences conserved between human and mouse had surprisingly little effect on a range of parameters assayed such as viability, reproductive fitness and growth [128] . Moreover, expression analysis of genes surrounding the deletions revealed only small expression differences between wild-type mice and those bearing the homozygous deletions. Since both studies focused on only a limited number of phenotypes, broad conclusions cannot be drawn based on their observations. However, their results highlight the need for further systematic assays if we are to have a clear outlook on what proportion of ncRNAs are functional. Although by no means conclusive at the level of individual transcripts, large-scale screens in common conditions will at least indicate whether ncRNAs yield comparable numbers of phenotypes as protein-coding genes.
The total volume of 'dark matter' transcription compared to the total transcriptional output of the genome may be smaller than initially estimated. A common theme in the major new classes of non-coding RNAs that have been established in recent years (pasRNAs, antisense transcripts) is that they are associated with protein-coding genes and generally expressed at low levels. The functional role of most 'dark matter' ncRNAs remains unclear and most lack sequence conservation. However, some ncRNAs have functional roles that do not depend on sequence composition. An increasing number of studies find that ncRNAs share characteristics such as expression pattern with protein-coding genes. These findings are difficult to interpret due to possible non-specific correlation with other functional elements in the genome. To separate correlation from causation, large-scale studies are needed that directly assess functionality of ncRNAs.
